Introduction
============

The pineal gland is considered a light-modulated neuroendocrine organ.[@b1-nss-10-203] Light is detected by the ganglion cells in the retina and transmitted via the retinohypothalamic tract to the suprachiasmatic nucleus (SCN) of the hypothalamus.[@b2-nss-10-203] SCN is considered the master circadian clock (central clock), and also modulates the expression of peripheral circadian clocks, thus regulating homeostasis in mammals in a clock gene-dependent manner.[@b3-nss-10-203] Aside from the the central clock, clock genes are also expressed in several peripheral tissues, including the pineal gland, which appears to play an important role in controlling *Aanat* timing mRNA expression.[@b4-nss-10-203]--[@b11-nss-10-203]

Mammals' circadian clock involves two transcriptional feedback loops that work seamlessly by positively or negatively regulating the expression of circadian clock components. Notable examples are circadian locomotor output cycles kaput (Clock) and brain and muscle ARNT-like (Bmal1), which belong to the family of basic--helix--loop--helix-PAS factors.[@b10-nss-10-203] These two molecules form a heterodimer that binds to the E-box of target genes known as periods (*Per1*, *Per2*, and *Per3*) and cryptochromes (*Cry1* and *Cry2*).[@b12-nss-10-203],[@b13-nss-10-203] Upon activation of target genes by the CLOCK/BMAL1 heterodimer, PER and CRY form the PER/CRY complex which is then translocated to the nucleus, where it interacts with and negatively regulates the CLOCK/BMAL1 complex. A second loop of *Bmal1* regulation involves the activation of nuclear receptors REV-ERBAα and RORα; these receptors inhibit or activate the transcription of *Bmal1* by competing for binding to the ROR element (RORE) in the promoter region of *Bmal1*.[@b14-nss-10-203],[@b15-nss-10-203]

In the pineal gland, melatonin synthesis acts as nocturnal output of received signals mediated by the master circadian clock.[@b16-nss-10-203] Melatonin is synthesized exclusively during the night. These events are dependent on noradrenaline release from synaptic endings of the postganglionic fibers, resulting in the activation of α1 and β1 adrenergic receptors located on the cell membrane of pinealocytes. Noradrenaline and β1 adrenergic receptor interaction mobilizes stimulatory G protein, which, in turn, stimulates adenylate cyclase, resulting in increased levels of cyclic adenosine monophosphate (cAMP).[@b17-nss-10-203] The consequent activation of cAMP-dependent protein kinase leads to the phosphorylation of protein binding to cAMP responsive elements (CREB), and this stimulates the transcription of enzymes involved in melatonin biosynthesis.[@b18-nss-10-203] Arylalkylamine *N*-acetyltransferase (AANAT) interacts with 14-3-3 protein, which stabilizes and protects activated AANAT from proteolytic degradation.[@b19-nss-10-203],[@b20-nss-10-203] AANAT is the rate-limiting enzyme in the synthesis of melatonin.[@b21-nss-10-203] However, 3 other enzymes, tryptophan hydroxylase, aromatic L-amino acid decarboxylase, and hydroxyindole-O-methyltransferase are also required.[@b22-nss-10-203],[@b23-nss-10-203]

Melatonin synthesis can be modulated in pathological conditions; for example, in rats with type I diabetes induced by streptozotocin or alloxan.[@b24-nss-10-203],[@b25-nss-10-203] Furthermore, studies have shown that melatonin synthesis can be influenced by glucocorticoids, as exemplified by models of stress and elevated concentrations of glucocorticoids.[@b26-nss-10-203],[@b27-nss-10-203] On the other hand, in vitro and in vivo microdialysis studies, showed that corticosterone is able to enhance melatonin production through modulation of AANAT activity.[@b28-nss-10-203],[@b29-nss-10-203]

Glucocorticoids are steroid hormones and both their synthesis and secretion are controlled by the hypothalamic--pituitary--adrenal (HPA) axis, which modulates various biological processes such as the homeostasis of the central nervous system, cardiovascular system, and mediates metabolic and immune/inflammatory responses.[@b30-nss-10-203]--[@b32-nss-10-203] In this way, any putative alteration of melatonin synthesis due to systemic glucocorticoid treatment might be due to both global pathophysiological alterations and local action directly on the pineal gland.[@b33-nss-10-203],[@b34-nss-10-203]

In addition, it should be considered that a functional interaction between the circadian clock and the HPA axis is present in mammals, which extends beyond the control of the adrenal gland circadian functions. The sympathetic nervous system and HPA axis (which are physiological systems responsible for the secretion of catecholamines and glucocorticoids) in unbalanced conditions may be related to maladaptive responses to stress.[@b35-nss-10-203] Specifically, glucocorticoids may modulate the circadian clock and output of other peripheral clocks.[@b36-nss-10-203]--[@b38-nss-10-203] Furthermore, it has already been shown that the pineal circadian clock can modulate melatonin synthesis.[@b39-nss-10-203] Therefore, the aim of the present work was to evaluate how dexamethasone can modify physiological aspects of pineal gland function, including the modulation of the key enzyme of melatonin synthesis (AANAT) and the pineal clock through analysis of clock genes mRNA expression.

Materials and methods
=====================

Animals
-------

All animals were treated in accordance with the National Research Council's "Guide for the Care and Use of Laboratory Animals" as part of a protocol approved by the Committee of Ethics in Animal Experimentation of the Federal University of Sergipe. Male Wistar rats (weight, 200--250 g) were obtained from the Federal University of Sergipe, São Cristóvão, Sergipe, Brazil. The animals were maintained at 23±2°C on a 12-h light/dark (LD) cycle (lights on at 6 a.m.; *Zeitgeber* time \[ZT\] 0 and lights off at 6 p.m.; *Zeitgeber* time \[ZT\] 12). They received commercial chow (Ração Labina, São Paulo, Brazil) and water ad libitum. The rats were divided into 2 groups -- the dexamethasone-treated (DEX) group, which received daily intraperitoneal (i.p.) injections (2 mg/kg body weight; Decadron^®^, Aché, Guarulhos, Brazil) for 10 consecutive days at ZT6, and the control group (Control), which received vehicle solution (0.9% NaCl) in the same protocol as the experimental group. Animals were weighed daily throughout the treatment.

The rats were euthanized by sodium thiopental anesthesia (Thiopentax^®^, Cristália, Itapira, Brazil) (40 mg/kg of animal body weight, i.p.). The animals (6 per time point) were sacrificed at ZT12, ZT14, ZT16-ZT22 and ZT24. The pineal glands were collected under red light (Kodak filter red 1A) and stored at −80°C for further processing. Blood was collected into individual tubes, immediately cooled (−20°C) and then centrifuged (Hettich Centrifuge 320; Andreas Hettich GmbH & Co., Tuttlingen, Germany) at 1500 rpm for 10 min at 4°C. Plasma samples were collected and stored (−80°C) for evaluation of plasma insulin levels.

Evaluation of glycemia daily profile and nocturnal insulinemia
--------------------------------------------------------------

Two drops of blood from the tip of the tail were collected from both groups at 1 h intervals (during a 24-h period).[@b40-nss-10-203] Glycemia was determined utilizing a glucometer (Accu-Chek^®^ Active; Roche Diagnostics Brazil Ltda. São Paulo, Brazil). Plasma insulin levels from ZT17 to ZT22 were measured by radioimmunoassay (RIA).[@b41-nss-10-203] Rat ^125^I-labeled insulin was obtained from Amersham Pharmacia (São Paulo, Brazil). All other reagents were obtained from Sigma (St. Louis, MO, USA), unless otherwise mentioned. Insulin antibody was a gift from Dr Leclercq-Meyer, Université Libre de Bruxelles, Belgium.

Homeostasis model assessment (HOMA)
-----------------------------------

Animals were fasted for 12 h and their glycemia was measured at ZT2. Plasma aliquots for insulin dosage (determined by RIA) were harvested as previously described. The HOMA index was calculated to assess insulin sensitivity using the formula: HOMA = {insulin \[µU/mL\] × Glycemia \[mMol\]}/22.5.[@b42-nss-10-203]

Glucose tolerance test (GTT)
----------------------------

GTT was performed at ZT2 of the LD cycle. To assess glucose tolerance, rats were fasted for 12 h and then anesthetized with sodium thiopental (Thiopentax^®^, Cristália) (40 mg/kg of animal body weight, i.p.). The animals received an injection of glucose solution (2 g/kg of body weight) (Isofarma; Isofarma Pharmaceutical Industrial Ltd, Eusebius) in the penile vein, as previous described.[@b43-nss-10-203] Tail blood samples were collected at 0 (baseline), 1, 5, 20, and 50 min after the glucose administration and measured with a glucometer (Accu-Chek^®^ Active, Roche Diagnostics Brazil Ltda).

Short insulin tolerance test and glucose disappearance rate (K~ITT~)
--------------------------------------------------------------------

K~ITT~ was performed at ZT2. To assess insulin sensitivity, rats were anesthetized with thiopental sodium (Thiopentax^®^, Cristália) (40 mg/kg of animal weight), followed by an injection of regular insulin solution (750 mU/mL per kg of body weight) (Humulin R; Eli Lilly, Paris, France) in the penile vein. Blood samples from the tail were collected at 0 (baseline), 4, 8, 12, and 16 min after the insulin injection and measured using a glucometer (Accu-Chek Active, Roche Diagnostics Brazil Ltda.). The fractional disappearance for plasma glucose (K~ITT~) was calculated by the formula 0.693/t^½^ (where t^½^ is the half-life of plasma glucose calculated from the slope of the curve obtained during the linear decay of plasma glucose).[@b41-nss-10-203],[@b44-nss-10-203]

Measurement of melatonin levels
-------------------------------

Pineal gland melatonin levels from ZT17 to ZT22 were measured by ultrahigh performance liquid chromatography (Dionex UHPLC Ultimate 3000) with electrochemical detection (ESA Coulochem III) and autosampler (WPS-3000TSL with sample thermostatting) running Chromeleon software and plotted as ng/200 µL of medium. Melatonin was separated on an Acclaim RSLC 120 C18 column (2.2 µm, 120 A, 100×2.1 mm). The chromatographic system was isocratically operated with the following mobile phase: 0.1 M sodium acetate, 0.1 M citric acid, 0.15 mM EDTA, 30% methanol, pH 3.7, at a flow rate of 0.135 mL/min. The electrochemical detector potential was adjusted to +750 mV in the guard cell and +700 mV in the 5041 analytical cell. The elution time for melatonin was about 7 min. Each gland was sonicated (Microson XL 2005; Heat System, Inc., Farmingdale, NY, USA) in a solution of 0.1 M perchloric acid (120 µL), containing 0.02% EDTA and 0.02% sodium bisulfate. After centrifugation (20 min, 14,000×*g*, Eppendorf 5415C Centrifuge; Brinkman Instruments Inc., Westbury, NY, USA), 40 µL of the supernatant was injected into the chromatographic system.[@b45-nss-10-203]

Measurement of corticosterone levels
------------------------------------

Blood samples were collected from both groups and centrifuged for serum extraction. Corticosterone levels were detected at ZT12, ZT14, ZT16--ZT22, and ZT24 by RIA commercial kit (Cloud-Clone Corp., Houston, TX, USA).

AANAT activity determination
----------------------------

AANAT activity at ZT12, ZT14, ZT16-ZT22 and ZT24 was measured by a radiometric assay.[@b46-nss-10-203],[@b47-nss-10-203] Briefly, 100 µL of 0.1 M sodium phosphate buffer (pH 6.8), containing 40 mM tryptamine and \[3H\]-acetyl coenzyme A (2 mM; final specific activity=4 mCi/mmol), was added to a microcentrifuge tube containing 1--3 pineals kept at 4°C. Pineal glands from both groups were sonicated and then incubated at 37°C for 20 min. The reaction product *N*-3\[H\]-acetyltriptamine was extracted with chloroform (1 mL). Samples of 500 µL were evaporated until dry in a scintillation vial, and radioactivity was determined (Tri-Carb 2100 Packard β-counter; GMI Inc., Ramsey, MN, USA).

Quantitative real-time polymerase chain reaction (qRT-PCR)
----------------------------------------------------------

Total RNA from pineal glands collected from ZT17 to ZT22 was isolated using a guanidine isothiocyanate--based reagent (Trizol; Invitrogen Corp., Carlsbad, CA, USA), according to the manufacturer's specifications. Total RNA was eluted in RNase-free water, treated with DNase genomic DNA remover (Turbo DNA-free; Ambion, Austin, TX, USA) according to the manufacturer's specifications. Reverse transcriptase (200 U Superscript III; Invitrogen Corp.), DTT (10 nM), dNTP (10 mM each), RNase inhibitor (40 U), and random primers (150 ng) were used to reverse transcribe 1 µg of total RNA in a final reaction volume of 20 µL. qRT-PCR was performed (7500 Real-Time PCR System; Applied Biosystems, Inc. \[ABI\], Foster City, CA, USA) using 2 µL of cDNA (10 ng/µL), SYBR green (Power SYBR Green; ABI), and 400 nM specific intron-spanning primers ([Table 1](#t1-nss-10-203){ref-type="table"}). The cycling parameters included an initial denaturation step at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and annealing and extension at 60°C for 1 min. For melting curve analyses (Tm), a set of 10-fold serial dilutions of each internal standard (10^2^--10^6^ copies/2 µL) was used to generate a standard curve, and all qRT-PCR assays were linear within this concentration range with correlation coefficients (*r*^2^\>0.999). Transcript numbers were determined by the system software (Model 7500, ver. 2.0.3; ABI) and normalized using the geometric mean calculated from the reference genes *Actb*, *Rpl37a*, and *Actg1*, which were indicated as the most suitable ones by the software GeNorm.[@b45-nss-10-203]--[@b48-nss-10-203]

Statistical analysis
--------------------

All the results were plotted as the mean ± SEM. Two-way analysis of variance with Bonferroni's post-test was used to compare the effects of time and treatment. The Student's *t*-test was used when appropriate (all statistical tests and graphics: Prism, ver. 5.01 for Windows; GraphPad Software, San Diego, CA, USA). In all cases, the null hypothesis of no model effects was rejected at *P*\<0.05.

Results
=======

Body weight gain, periepididymal fat pad, glycemic profile
----------------------------------------------------------

Both groups had similar baseline body weight (*P*\>0.05, [Table 2](#t2-nss-10-203){ref-type="table"}); after the treatment, the DEX group showed a 0.74-fold reduction in body weight (*P*\<0.05) and a 1.35-fold increase in periepididymal adipose tissue, compared with the Control rats (*P*\<0.05).

The plasma glucose hourly profile was assessed in vivo over the 24 h following the tenth day of treatment. Plasma glucose levels showed no significant difference between groups in any of the time points during the light phase and both groups showed an increase in plasma glucose at the beginning of the dark phase. However, the DEX group had higher levels of plasma glucose between ZT17 and ZT22 when compared with the Control rats (1.30, 1.28, 1.29, 1.29, 1.35, and 1.32 times, respectively) (*P*\<0.05; [Figure 1](#f1-nss-10-203){ref-type="fig"}).

Dexamethasone induces hyperinsulinemia in the dark phase
--------------------------------------------------------

Plasma insulin levels were assessed in the Control and the DEX rats during the dark phase, where the values of glucose were higher. DEX animals had higher plasma insulin levels than Control rats between ZT19 and ZT22 (1.69-, 1.70-, 2.44-, and 7.40-fold, respectively) (*P*\<0.05; [Figure 2](#f2-nss-10-203){ref-type="fig"}), and lower insulin sensitivity, indicated by a 8.59-fold increase in the HOMA index relative to the Control rats at ZT2 (*P*\<0.05; [Table 2](#t2-nss-10-203){ref-type="table"}).

Evaluation of glucose tolerance and glucose disposal rate (K~ITT~)
------------------------------------------------------------------

DEX-treated rats had 1.41- (*P*\<0.001), 1.28- (*P*\<0.05), 1.46-fold (*P*\<0.01) higher blood glucose levels than Control rats at 1, 5, and 20 min, respectively, during the GTT ([Figure 3A](#f3-nss-10-203){ref-type="fig"}) and their insulin sensitivity was reduced by 0.39-fold compared with Control rats (*P*\<0.01; [Figure 3B](#f3-nss-10-203){ref-type="fig"}).

Reduction of melatonin in rats treated with dexamethasone is associated with reduced AANAT activity
---------------------------------------------------------------------------------------------------

Dexamethasone treatment led to a reduction by 0.49-fold at ZT12 and 0.36-fold at ZT21 of AANAT activity in the pineal gland (*P*\<0.05; [Figure 4A](#f4-nss-10-203){ref-type="fig"}), and the overall nocturnal AANAT activity was also decreased by 0.64-fold in DEX rats compared with Control rats (*P*\<0.05; [Figure 4B](#f4-nss-10-203){ref-type="fig"}). Melatonin content in the pineal gland was reduced in DEX rats by 0.59-fold at ZT21 and 0.54-fold at ZT22 (*P*\<0.05; [Figure 4C](#f4-nss-10-203){ref-type="fig"}) and corticosterone blood levels were reduced by 0.72-fold in DEX rats compared with Control rats (*P*\<0.05; [Figure 4D](#f4-nss-10-203){ref-type="fig"}).

The effects of dexamethasone on the expression of enzymes involved in melatonin synthesis
-----------------------------------------------------------------------------------------

The mRNA expression of *Tph, Aanat*, and *Hiomt* was assessed in pineal glands of Control and DEX rats at 6 time points (ZT17--ZT22). *Tph*- and *Hiomt*-mRNA expression was similar in both groups ([Figure 5A, B](#f5-nss-10-203){ref-type="fig"}), and *Aanat* expression decreased 0.60-fold at ZT19 in DEX rats (*P*\<0.01; [Figure 5C](#f5-nss-10-203){ref-type="fig"}). *Adenylate cyclase (Ac1)* expression was similar in both groups at all points observed ([Figure 5D](#f5-nss-10-203){ref-type="fig"}); however, *β1-adrenergic* receptor decreased 0.47-fold at ZT18 in DEX rats (*P*\<0.05; [Figure 5E](#f5-nss-10-203){ref-type="fig"}).

Dexamethasone modulates the expression of clock genes in the pineal gland
-------------------------------------------------------------------------

Dexamethasone treatment led to alterations in the mRNA expression of several clock genes in the pineal gland. *Bmal1* expression increased by 1.47-fold at ZT21 (*P*\<0.05; [Figure 6A](#f6-nss-10-203){ref-type="fig"}). *ReverbA* expression increased by 1.70-fold at ZT17, and reduced by 0.58-fold at ZT18 (*P*\<0.001; [Figure 6B](#f6-nss-10-203){ref-type="fig"}). *Per1* mRNA expression was increased by 3.89-fold at ZT17 and by 7.50-fold at ZT21 (*P*\<0.001; [Figure 6C](#f6-nss-10-203){ref-type="fig"}). *Per2* mRNA expression increased by 2.11 at ZT17, decreased by 0.43-fold at ZT18 and increased by 5.77-fold again, at ZT21 (*P*\<0.001; [Figure 6D](#f6-nss-10-203){ref-type="fig"}). *Cry1* mRNA expression increased by 2.30-fold at ZT19 (*P*\<0.05; [Figure 6E](#f6-nss-10-203){ref-type="fig"}) and *Cry2* decreased by 0.42-fold at ZT18 when compared with the Control rats (*P*\<0.001; [Figure 6F](#f6-nss-10-203){ref-type="fig"}).

Dexamethasone reduces *Insr* and *Glut1* mRNA expression in rat pineal glands
-----------------------------------------------------------------------------

The mRNA expression of insulin receptor (*Inrs*) and glucose transporter isoform 1 (*Glut1*) was evaluated in rat pineal glands of Control and DEX rats at ZT17-ZT22. *Inrs* mRNA expression was reduced 0.52-fold in DEX rats at ZT21 (*P*\<0.05; [Figure 6G](#f6-nss-10-203){ref-type="fig"}), whereas *Glut1* increased by 2.35-fold at ZT19 (*P*\<0.001), and decreased by 0.22- and 0.54-fold at ZT21, and ZT22, respectively, when compared with the Control rats (*P*\<0.01, and *P*\<0.05, respectively; [Figure 6H](#f6-nss-10-203){ref-type="fig"}).

Discussion
==========

DEX-treated rats showed reduced body weight, increased periepididymal fat content, hyperglycemia and hyperinsulinemia at night, resistance to insulin action, and reduction of pineal melatonin content. The significant reduction in weight of DEX-treated animals was consistent with the results of a previous study.[@b49-nss-10-203]

We observed an increase in plasma glucose levels in both groups at night. Most rodents exhibit a nocturnal activity pattern, associated with the search for food and food intake. Consequently, plasma glucose peaks in the early night caused by food intake, followed by a decrease to its normal values after insulin secretion and action.[@b50-nss-10-203],[@b51-nss-10-203] In our model, however, DEX animals exhibited higher levels of glycemia throughout the last two-thirds of the night. The administration of dexamethasone attenuates insulin signaling, which in turn, reduces GLUT4 translocation to plasma membrane in different cellular tissues.[@b52-nss-10-203]--[@b54-nss-10-203] Our results show that DEX rats have pronounced nocturnal glucose intolerance, associated to insulin resistance, and it is in accordance with others studies in the literature.[@b55-nss-10-203],[@b56-nss-10-203]

Circadian oscillators may modulate different metabolic processes such as glucose metabolism, and signaling pathways of insulin and other hormones like adrenocorticotropic hormone, cortisol, and melatonin.[@b57-nss-10-203] It has been described that a disruption in the circadian system may lead to the development of metabolic diseases such as obesity, diabetes and cardiovascular disease.[@b58-nss-10-203],[@b59-nss-10-203] Melatonin is considered an output signal mediated by the circadian system, which participates in the synchronization of organs involved in the regulation of glycemia.[@b60-nss-10-203],[@b61-nss-10-203] In experimental and pathological conditions such as in streptozotocin-induced diabetes in rodents as well as in type 2 diabetes mellitus patients, there is a reduction of circulating melatonin levels.[@b24-nss-10-203],[@b62-nss-10-203] In vitro evidence shows that melatonin synthesis increases when pineal glands are incubated with insulin; these effects are due, in part, to an increase in PI3K activity[@b63-nss-10-203] and treatment of those pineal glands with a PI3K inhibitor (LY 294002) led to a diminished IR signaling, reduced melatonin synthesis and AANAT activity. In the present study, we analyzed the expression of *InsR* and *Glut1* mRNA in the pineal glands of DEX-treated rats, and both transcripts were reduced at the same time points, where we detected reduced melatonin synthesis, hyperinsulinemia, and hyperglycemia. However, further studies are required to confirm the imbalance of IR/IGF1/IRS/PI3K signaling in the pineal gland in this experimental model.

In an attempt to further elucidate the mechanism by which glucocorticoids induce changes in melatonin levels, we evaluated the expression of key enzymes involved in the synthesis of melatonin (*Tph*, *Aanat* and *Hiomt*). In our work, the expression of *Aanat*, was reduced at ZT19, together with diminished melatonin synthesis, which might reflect AANAT activity, as demonstrated by other authors.[@b64-nss-10-203] Studies show that rats exposed to chronic stress have reduced serum melatonin levels and AANAT activity in the pineal gland.[@b26-nss-10-203],[@b65-nss-10-203] Other authors showed that stress produced by immobilization in situations of reduced levels of melatonin and AANAT activity are associated with reduced corticosterone levels, as was observed in DEX rats.[@b34-nss-10-203] We also observed a reduction in the expression *Tph* at ZT22 and *Hiomt* at ZT21, which could contribute to the reduction in the melatonin synthesis. However, aromatic L-amino acid decarboxylase (which is encoded by dopa decarboxylase gene, for example), remains unclear in this experimental model and may play a role in melatonin synthesis.

Furthermore, it is known that the rat pineal gland expresses glucocorticoid receptors (GRs), which are expressed in almost all cell types.[@b66-nss-10-203] Glucocorticoids positively or negatively regulate the expression of multiple clock genes through the activation of GRs, which, in turn, interact with glucocorticoid responsive elements (GREs) located in the promoter region of the genes.[@b38-nss-10-203],[@b67-nss-10-203] Moreover, it was recently demonstrated that glucocorticoids modulate the rhythmicity of several circadian clock genes in the peripheral tissues.[@b36-nss-10-203]

Based on this evidence, we evaluated the expression of key circadian clock genes in pineal glands of DEX-treated rats, and found an increase in the expression of *Bmal1*. Studies have shown that DEX stimulates the transcriptional oscillation of multiple clock genes in cultured mesenchymal stem cells.[@b68-nss-10-203] In agreement with this finding, exposure of murine and human mesenchymal stem cells from bone marrow to dexamethasone triggers oscillatory expression of clock-related genes.[@b69-nss-10-203] Recent studies have shown that treatment of cultured osteoclasts with dexamethasone results in increased rhythmic expression of *Per1, Per2*, and *Bmal1*.[@b70-nss-10-203] Other authors observed a significant effect of dexamethasone in the pattern of circadian expression of CLOCK, PER2 and BMAIL1 in human visceral and subcutaneous adipose tissue, and increased expression of *Per1* in a dose-dependent manner in cells of the mononuclear peripheral blood.[@b71-nss-10-203],[@b72-nss-10-203]

Our data is in agreement with other authors, since we observed that *Per1* and *Per2* mRNA was significantly increased following dexamethasone treatment, but these alterations occurred at specific ZTs during the dark phase. In addition, it is possible to observe that *ReverbA*, *Per1* and *Per2* (ZT17-ZT18) are in opposite phase compared to *Bmal1*, as stated in the literature.[@b73-nss-10-203] However *Per2* may be acting as a transcription factor independent of the clock machinery in ZT21. It has been shown that treatments with prednisolone are able to induce the expression of *Per1* gene in vitro in human lymphocytes and monocytes, and physical stress by immobilization induces the expression of *Per1* in peripheral tissues (heart, liver and lung) of mice.[@b74-nss-10-203],[@b75-nss-10-203] Moreover, glucocorticoids were capable of inducing the expression of *Per1* in cultured rat fibroblasts.[@b36-nss-10-203] Chronic treatment of hepatic cells (HepG2) with prednisolone (0.5 mM), showed increased *Per1* and *Bmal1* expression, whereas *Cry1* and *ReverbA* were reduced.[@b76-nss-10-203] *Per2* expression was enhanced in cultured embryonic fibroblasts when incubated with 1 mM dexamethasone.[@b77-nss-10-203] *Cry2* and *Cry1* expression was enhanced in our study and the expression of *Rev-erbA* was increased at ZT17, although we did not observe lower expression of *Bmal1* in the same ZT. *Rev-erbA* is involved with the secondary loop, thereby competing for the RORE in the *Bmal1* promoter region, inhibiting the activation of BMAL1.[@b14-nss-10-203],[@b78-nss-10-203] Some authors showed that RORα is involved with a second loop that activates the transcription of *Bmal1*, and thus, in pineal glands from DEX rats, RORα may be the primary enhancer of BMAL1 expression; however, further experiments are necessary to verify this statement.[@b15-nss-10-203]

In addition to its regulation by the CREB/CRE pathway and CLOCK/BMAL1 heterodimer binding to E boxes, it is suggested that *Per1* transcription can be regulated by glucocorticoids and GRE.[@b69-nss-10-203],[@b75-nss-10-203] Other authors suggested that the induction of *Per2* occurs by overlapping GRE and E-box region (GE2), at the proximal *Per2* promoter in peripheral tissues.[@b77-nss-10-203] This hypothesis can be extended to other clock genes, since glucocorticoids can also stimulate the expression of *Per1, Per2*, and *Rev-erbb* in cell culture-dependent activation of functional GRE.[@b68-nss-10-203] However, *Per1* and *Aanat* genes are modulated by cAMP, and this plays a central role in the oscillation mechanism of the rat pineal gland clock.[@b8-nss-10-203],[@b9-nss-10-203] We are aware that we studied only the nocturnal profile of gene expression, specially regarding clock genes, so we cannot rule out the possibility that dexamethasone treatment might abolish the daily rhythm or shift the peak of clock genes in the pineal gland.

In conclusion, our study shows that dexamethasone treatment induces nocturnal hyperglycemia and pronounced hyperinsulinemia. Furthermore, treatment with glucocorticoids reduces melatonin and corticosterone secretions. These reductions are associated with an alteration of the pineal circadian clock, which might modulate AANAT activity, reflecting a reduced synthesis of the pineal gland hormone melatonin. These results suggest the importance of HPA axis on melatonin synthesis, and a possible role of clock genes in pineal glands as well as metabolic effects presented in DEX-treated rats.
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![L/D glucose cycle profile of control rats (lines with circles) and treated with dexamethasone (lines with squares).\
**Notes:** Animals were installed in 12 h L/D cycle, fed commercial Labina chow and water ad libitum. Blood drops were collected from the tail of the animal by capillarity in both experimental groups at 1 h intervals over a 24 h period. The ordinate values are expressed in mg/dL, and the white and black bars of the abscissa indicate the light and dark phases of the L/D cycle respectively. The results are represented as mean ± SEM. Two-way ANOVA, Bonferroni's post-tests, ^\*^*P*\<0.05, ^\*\*^*P*\<0.01 (n=8 for both groups).\
**Abbreviations:** ANOVA, analysis of variance; DEX, dexamethasone; L/D, light/dark; ZT, *Zeitgeber* time.](nss-10-203Fig1){#f1-nss-10-203}

![Plasma insulin profile in control rats (white bar) and rats treated with dexamethasone (black bars).\
**Notes:** Animals were installed in 12 h light/12 h dark cycle, fed commercial Labina chow and water ad libitum. The animals were euthanized at the indicated times ZT (ZT17, ZT18, ZT19, ZT20, ZT21, and ZT22), and blood samples were collected and measured by radioimmunoassay (see Materials and methods section). The results are represented as mean ± SEM. Two-way ANOVA (with Bonferroni posttests), ^\*^*P*\<0.05, ^\*\*\*^*P*\<0.001 (n=6 for both groups).\
**Abbreviations:** ANOVA, analysis of variance; DEX, dexamethasone; ZT, *Zeitgeber* time.](nss-10-203Fig2){#f2-nss-10-203}

![(**A**) Evaluation of plasma glucose during the glucose tolerance test. Blood samples were collected from control and dexamethasone-treated rats at ZT2 at baseline (0 min) and at 1, 5, 20, and 50 min after glucose injection. The results are represented as mean ± SEM. Two-way ANOVA, Bonferroni's post-tests ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001 (n=8 for both groups). (**B**) Evaluation of plasma glucose during the insulin tolerance test (*K~ITT~*). Glucose was measured in control rats and rats treated with dexamethasone at ZT2 (0 min) and at 4, 8, 12, and 16 min after insulin injection. Student's *t*-test ^\#^*P*\<0.05.\
**Notes:** The plasma glucose values were calculated by the rate of decay of plasma glucose over time and K~ITT~ was calculated (n=8 for both groups).\
**Abbreviations:** ANOVA, analysis of variance; DEX, dexamethasone; ZT, *Zeitgeber* time.](nss-10-203Fig3){#f3-nss-10-203}

![AANAT activity, melatonin content, and plasma level of corticosterone were evaluated in Control and dexamethasone-treated rats (lines graph with circles and squares for Control and dexamethasone-treated rats, respectively).\
**Notes:** The results are represented as mean ± SEM. Quantification of AANAT activity, the values of AANAT activity over time were organized in the form of linear graph (**A**) at the indicated ZT (ZT12, ZT14, ZT16, ZT18, ZT20, ZT22, and ZT24), the results are represented as mean ± SEM (Student's *t*-test ^\*^*P*\<0.05), and bar graph (Control rats \[white bars\] and rats treated with dexamethasone \[black bars\]) by calculating the mean total of AANAT activity (the mean total of AANAT activity ± SEM) (Student's *t*-test ^\*^*P*\<0.05) (**B**) The values of melatonin quantification are expressed in nanograms/gland and represented as mean total of melatonin content (Student's *t*-test ^\*^*P*\<0.05) (**C**) at the indicated ZT (ZT21, and ZT22). Plasma levels of corticosterone are expressed in nanograms/mL (**D**) by calculating the mean total and represented as mean ± SEM (Student's *t*-test ^\*^*P*\<0.05) (n=6 for both groups).\
**Abbreviations:** AANAT, Arylalkylamine *N*-acetyltransferase; DEX, dexamethasone; ZT, *Zeitgeber* time.](nss-10-203Fig4){#f4-nss-10-203}

![Expression of *Tph, Hiomt, Aanat, AC1*, and *B-adrenergic receptor* in pineal glands isolated from control (line graph with circles) and treated with dexamethasone rats (line graph with squares).\
**Notes:** Animals were installed in 12 h light/dark cycle, fed with commercial Labina chow and water ad libitum. The animals were sacrificed at ZT17, ZT18, ZT19, ZT20, ZT21, and ZT22 and the pineal gland was collected and processed for extraction of total RNA and mRNA detection by real-time polymerase chain reaction of *Tph* (**A**), *Hiomt* (**B**), *Aanat* (**C**), *AC1* (**D**), and β-*adrenergic receptor* (**E**). Gene expression values are represented as mean ± SEM. Two-way ANOVA (with Bonferroni posttests), ^\*^*P*\<0.05, ^\*\*^*P*\<0.01 (n=6 for both groups).\
**Abbreviations:** AANAT, Arylalkylamine *N*-acetyltransferase; *AC1, Adenylate cyclase*; ANOVA, analysis of variance; ZT, *Zeitgeber* time.](nss-10-203Fig5){#f5-nss-10-203}

![Expression of *Bmal1*, *Rev-erbA, Per1*, *Per2*, *Cry1*, *Cry2, Inrs*, and *Glut1* in pineal glands isolated from control (white bar) and treated with dexamethasone rats (filled bars).\
**Notes:** Animals were installed in 12 h light/dark cycle, fed with commercial Labina chow, and water ad libitum. The animals were killed at the times indicated and the pineal gland was removed and processed for extraction of total RNA and mRNA detection by real-time polymerase chain reaction of *Bmal1* (**A**), *Rev-erbA* (**B**), *Per1* (**C**), *Per2* (**D**), *Cry1* (**E**), *Cry2* (**F**), *Inrs* (**G**), and *Glut1* (**H**). Gene expression values are represented as mean ± SEM. Two-way ANOVA (with Bonferroni posttests), ^\*^*P*\<0.05, ^\*\*^*P*\<0.01, ^\*\*\*^*P*\<0.001 (n=6 for both groups).\
**Abbreviations:** ANOVA, analysis of variance; ZT, *Zeitgeber* time.](nss-10-203Fig6){#f6-nss-10-203}

###### 

Primers sequences for real-time (quantitative) RT-PCR assays of rat mRNA samples

  Gene name    GeneBank N.                     Amp Len   Primer    Sequences
  ------------ ------------------------------- --------- --------- -------------------------------------
  *Tpoh*       NM_001100634                    90        Forward   5′-CCTGGCTTCTCTTGGAGCTTC-3′
  Reverse      5′-ATCTTGCTTGCACAGTCCAAAC-3′                        
  *Aanat*      NM_012818.2                     89        Forward   5′-CCGGAGGATGCCACCA-3′
  Reverse      5′-CCGGATCTCATCCAAGTGGA-3′                          
  *Hiomt*      NM_144759.2                     100       Forward   5′-CCGCACCCACTTCCTGTC-3′
  Reverse      5′-CAAGAATGAAGAGGTCAGCGC-3′                         
  *Bmal1*      NM_024362.2                     77        Forward   5′-CCGATGACGAACTGAAACACC-3′
  Reverse      5′-TCTTCCCTCGGTCACATCCT-3′                          
  *Rev-erb*α   NM_145775.1                     81        Forward   5′-AGGTGACCCTGCTTAAGGCTG-3′
  Reverse      5′-ACTGTCTGGTCCTTCACGTTGA-3′                        
  *Per1*       NM_001034125.1                  71        Forward   5′-CTGCCTCAGGCCCTCGA-3′
  Reverse      5′-GTCCGAGTGGCCAGGATCTT-3′                          
  *Per2*       NM_031678.1                     75        Forward   5′-GCAGCCTTTCGATTATTCTCCC-3′
  Reverse      5′-GGACCAGCTAGTGTCCAGTGTG-3′                        
  *Cry1*       NM_198750.2                     74        Forward   5′-TTCGCCGGCTCTTCCAA-3′
  Reverse      5′-ATTGGCATCAAGGTCCTCAAGA-3′                        
  *Cry2*       NM_133405.1                     76        Forward   5′-TCAGCGTGAATGCAGGCA-3′
  Reverse      5′-AGGGCAGTAGCAGTGGAAGAAC-3′                        
  *InsR*       NM_017071                       90        Forward   5′-TCTGATTGTGCTATATGAAGTGAGCTATC-3′
  Reverse      5′-CCGCTCCAGGGCAAAAT-3′                             
  *Adcy1*      NM_001107239.1                  77        Forward   5′-TGCGGCTGGAAGATGAGAA-3′
  Reverse      5′-TCATCTCCATGGCGACATTC-3′                          
  *Glut1*      NM_138827.1                     111       Forward   5′-ACCCTGCATCTCATTGGTCT-3′
  Reverse      5′-GGCCACGATACTCAGATAGGAC-3′                        
  *Actb*       NM_031144                       97        Forward   5′-CTAGGAGCCAGGGCAGTAATCT-3′
  Reverse      5′-AAGACCTCTATGCCAACACAGTG-3′                       
  *Rpl37a*     NM_001108801                    93        Forward   5′-CGCTAAGTACACTTGCTCCTTCTG-3
  Reverse      5′-GCCACTGTTTTCATGCAGGAAC-3′                        
  *Actg1*      NM_001127449                    80        Forward   5′-TACCCTATTGAGCACGGCAT-3′
  Reverse      5′-CGCAGCTCGTTGTAGAAGGT-3′                          

###### 

Effects of dexamethasone treatment on final body weight, the percentage of periepididymal fat pad, glycemia, insulin and HOMA. Eight rats were examined for each group

  Groups                                            Control   DEX                
  ------------------------------------------------- --------- ------ ----------- ------
  Initial body weight (g)                           211.9     3.45   210.4       4.10
  Final body weight (g)                             229.4     4.46   174.9^\*^   3.98
  \% periepididymal fat pad (g/g body weight×100)   0.63      0.05   0.85^\*^    0.03
  Glycemia (mg/dL)                                  86.33     2.49   91.67       1.72
  Insulin (ng/mL)                                   0.65      0.14   5.28^\*^    0.23
  HOMA                                              3.47      0.02   29.88^\*^   0.02

**Notes:** Mean values were significantly different from those of the control group (^\*^*P*\<0.05; Student's *t*-test).

**Abbreviations:** DEX, dexamethasone; HOMA, homeostasis model assessment; SE, standard error.
